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Precise angular distributions have been measured for the first time for the photoproduction of
pi0-mesons off neutrons bound in the deuteron. The effects from nuclear Fermi motion have been
eliminated by a complete kinematic reconstruction of the final state. The influence of final-state-
interaction effects has been estimated by a comparison of the reaction cross section for quasi-free
protons bound in the deuteron to the results for free protons and then applied as a correction to
the quasi-free neutron data. The experiment was performed at the tagged photon facility of the
Mainz Microtron MAMI with the Crystal Ball and TAPS detector setup for incident photon energies
between 0.45 GeV and 1.4 GeV. The results are compared to the predictions from reaction models
and partial-wave analyses based on data from other isospin channels. The model predictions show
large discrepancies among each other and the present data will provide much tighter constraints.
This is demonstrated by the results of a new analysis in the framework of the Bonn-Gatchina
coupled-channel analysis which included the present data.
PACS numbers: 13.60.Le, 14.20.Gk, 14.40.Aq, 25.20.Lj
The excitation spectrum of the nucleon is generated
by the strong force and thus should reflect its basic prop-
erties. The impossibility of a perturbative treatment of
Quantum Chromodynamics (QCD) on the relevant en-
ergy scale of a few GeV has so far precluded ab-initio cal-
culations of the properties of nucleon resonances. How-
ever, with the recent progress in the numerical meth-
ods of lattice gauge calculations, such predictions have
come within reach. First, unquenched lattice calcula-
tions support the SU(6)⊗O(3) excitation structure of the
nucleon, familiar from the constituent quark model, and
second, also have a level counting consistent with the
non-relativistic quark model [1]. Although these calcu-
lations are in a very early state, the result is interesting
because the agreement between the quark-model results
and the experimentally established excitation spectrum
of the nucleon is not very good. For most quantum num-
bers, apart from the first excited state, there are no coun-
terparts from experiment [2] to the plethora of states pre-
dicted by models. For the identified excited states elec-
tromagnetic couplings to the nucleon ground state are
a very sensitive observable for the test of nucleon mod-
2els, because they reflect the spin-flavor correlations in the
wave functions.
This situation has triggered large efforts to improve the
experimental data base for nucleon resonances exploit-
ing photon-induced meson production reactions. Due to
the progress in accelerator and detector technology, such
reactions can now be studied with comparable or even
better precision than hadron-induced reactions, although
the typical cross sections are smaller by roughly three or-
ders of magnitude. Although many different final states
are under investigation to avoid bias from the coupling
of the excited nucleon states to specific decay channels,
pion production always was and still is a cornerstone for
the extraction of nucleon resonance properties such as
masses, widths, and electromagnetic couplings [3–12]. In
photoproduction reactions, neutral pions are of special
interest because they do not couple directly to photons
so that non-resonant background contributions are sup-
pressed.
Previous experimental efforts for pi0 production have
concentrated on the measurement of angular distribu-
tions and polarization observables for the free proton
target [13–22]. The recent measurements of the dou-
ble polarization observables G (linearly polarized beam,
longitudinally polarized target [20]), E (circularly polar-
ized beam, longitudinally polarized target [21]), and C⋆x
(circularly polarized beam, polarization of recoil nucleon
[22]) for this reaction had significant impact on the analy-
sis of nucleon resonance properties. They are important
steps towards a ‘complete’ measurement, which allows
a unique, model-independent extraction of the reaction
amplitudes [23].
However, the isospin decomposition of pion photopro-
duction requires also measurements with neutron targets,
which can only be done with quasi-free neutrons bound in
a light nucleus, in most cases the deuteron. The data base
for such reactions is so far scarce. For isovector mesons
like pions three independent amplitudes contribute to
photoproduction, the isoscalar part AIS , the isospin de-
pendent amplitude AIV , and the isospin changing ampli-
tude AV 3, which are related by [24]:
A(γp→ pi+n) = −
√
1
3
AV 3 +
√
2
3
(AIV −AIS) (1)
A(γp→ piop) = +
√
2
3
AV 3 +
√
1
3
(AIV −AIS)
A(γn→ pi−p) = +
√
1
3
AV 3 −
√
2
3
(AIV +AIS)
A(γn→ pion) = +
√
2
3
AV 3 +
√
1
3
(AIV +AIS) .
Isospin I = 3/2 ∆ resonances are only excited by AV 3,
so that their electromagnetic couplings are identical for
protons and neutrons, while I = 1/2 N⋆ states couple
differently to protons and neutrons. Recent analyses of
the helicity amplitudes for resonance excitations on the
neutron are given in [12, 25, 26]. The comparison of the
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FIG. 1: Main plot: predicted total cross sections from SAID
[4], MAID [6], and the BnGa analysis [25] for γn → npi0.
Insert, upper right corner: same analyses for γp→ ppi0. Insert
at bottom: previously available data base [28] (each point
represents one measurement at W and cos(Θ⋆
π
).
results from the different analyses (see e.g. [25]) reveals
large discrepancies. Their absolute magnitudes differ up
to two orders of magnitude, and for several states not
even the sign is fixed. These problems arise from the
lack of data for the γn → npi0 reaction. The situation
is sketched in Fig. 1. The bottom insert of the figure
shows the available data bases for differential cross sec-
tions for all isospin channels [28]. Data are abundant for
the ppi0, npi+, and ppi− final states, however, for npi0 only
a few scattered points have been measured. These points
come from experiments in the early 1970s [29, 30], which
could not even eliminate the background from photopro-
duction of pi0 pairs. Only the beam asymmetry Σ has
been measured precisely for this reaction by the GRAAL
experiment [31].
In principle, the measurement of three reactions out of
γp→ ppi0, γp→ npi+, γn→ ppi−, and γn→ npi0 should
be sufficient according to Eq. 1 for an isospin decompo-
sition [27]. However, the predictions for the total cross
section of γn → npi0 by different analyses agree only in
the range of the ∆(1232) resonance, for which the exci-
tation of protons and neutrons is identical. In the second
and third resonance region large discrepancies exist, al-
though, as shown in the upper insert of Fig. 1, all models
agree for γp→ ppi0 (because they have been fitted to the
precise data available for this reaction). So far, a unique
partial-wave analysis is not possible for any of the differ-
ent isospin channels (not enough observables have been
measured yet). The analyses are thus model dependent
and so is the prediction for the npi0 channel. It is based
on the data for γn→ ppi−, which has been measured by
several experiments and recently with high accuracy by
CLAS at Jlab [26]. However, this reaction has different
characteristics from γn → npi0. The ppi− final state has
3large contributions from non-resonant background terms
since the ppi− pair has electric charges and a large electric
dipole moment to which the incident photon can couple.
Non-resonant t-channel contributions (pion-pole, vector
meson exchange etc.) are therefore much more proba-
ble than for γn → npi0. Therefore the latter reaction
is better suited for the extraction of resonance proper-
ties from the s-channel contributions. The large differ-
ences between the predictions from different models for
the γn → npi0 reaction mean of course that a measure-
ment of this reaction could much better constrain the
analyses. The lack of data for this channel is rooted in
the specific experimental problems related to the mea-
surement of an all-neutral (only photons and neutron) fi-
nal state from quasi-free neutrons bound in the deuteron
[28]. The present results close this gap in the data base.
In this Letter, we report results from the first pre-
cise measurement of the total and differential cross sec-
tions for the γd → p(n)pi0 and γd → n(p)pi0 reactions
(in brackets: undetected spectator nucleon) in quasi-
free kinematics. The experiment was performed at the
Mainz MAMI accelerator [32], which delivered the pri-
mary electron beam of 1.508 GeV (1.557 GeV) energy
(two different beam time periods were analyzed). The
tagged photon beam was produced by bremsstrahlung of
the electrons in a copper radiator of 10 µm thickness.
The scattered electrons were momentum analyzed and
detected in the focal plane of the Glasgow-Mainz Tagged
Photon Spectrometer [33] in order to tag the photon en-
ergies. The resulting photon beam had energies between
≈0.45 GeV and ≈1.4 GeV with an energy resolution of
≈4 MeV. This beam impinged on liquid deuterium in
cylindrical Kapton cells of ≈4 cm diameter and lengths of
4.72 cm (3.02 cm), mounted in the center of the detector
such that the photon beam passed along their symme-
try axis. The detector combined the Crystal Ball (CB)
[34] and TAPS [35] electromagnetic calorimeters supple-
mented by charged-particle identification devices. The
672 triangular NaI(Tl) crystals of the CB covered the full
azimuthal range for polar angles from 20◦ to 160◦, while
the 366 hexagonally shaped BaF2 crystals of TAPS were
arranged as a forward wall placed 1.457 m downstream
of the target at polar angles between ≈5◦ and ≈21◦. The
setup covered more than 95% of the full solid angle. For
the identification of charged particles, a Particle Identifi-
cation Detector (PID) consisting of 24 plastic scintillator
strips [36] was mounted around the target and all crys-
tals of TAPS had individual plastic scintillators in front.
More details are given in [37, 38], where the same data
were analyzed for the production of pion pairs.
Single pi0 production was analyzed in coincidence with
recoil protons (σp) and in coincidence with recoil neu-
trons (σn). The identification of the photons, protons,
and neutrons was based on a combination of energy de-
posit in CB and in TAPS; ∆E − E analysis from PID
and CB; time-of-flight (ToF) versus energy from TAPS
and pulse-shape analysis from TAPS. The pi0 was identi-
fied from the invariant mass of photon pairs. The reac-
tion identification (i.e. elimination of events from double
pion production, η → 3pi0 decays etc.) was achieved with
a missing-mass analysis and a condition on coplanarity
of meson and recoil nucleon. Details about these anal-
ysis procedures, which resulted in very clean data sam-
ples, are given e.g. in [37–39]; the details of the present
analysis will be published elsewhere. The absolute nor-
malization of the cross sections was calculated with the
surface densities of the targets (0.231±0.005 nuclei/barn
and 0.147±0.003 nuclei/barn, respectively), the incident
photon flux, and the acceptance and detection efficiency
of the detector. The photon flux was derived from the
number of scattered electrons and the tagging efficiency,
i.e., the number of correlated photons that passed the
collimator, as described in [37–39]. The detection effi-
ciency was modeled with Monte Carlo simulations using
the Geant4 code [40]. The detection efficiency for the
recoil nucleon was additionally determined with an anal-
ysis of the γp→ pη and γp→ npi0pi+ reactions measured
with a liquid hydrogen target. These results improved
the precision in particular for critical geometries such as
the transition region between the CB and TAPS. Effects
from nuclear Fermi motion were removed with a kine-
matic reconstruction of the nucleon-meson final-state in-
variant mass W as discussed in [28].
As a final check, the inclusive cross section σincl was
extracted. This analysis had no conditions for recoil nu-
cleons, which may have been detected or not. If they
were detected, they were ignored. Since in the energy
range of interest, coherent production of pi0 mesons off
the deuteron is only a negligible fraction of the total cross
section [42], the relation σincl(Eγ) ≈ σp(Eγ) + σn(Eγ)
must hold (reconstruction of W is not possible without
recoil nucleons, so that the Fermi-smeared versions as a
function of incident photon energy had to be used). The
agreement was excellent, putting stringent limits on sys-
tematic uncertainties in the recoil nucleon detection.
The measured angular distributions (typical examples
are summarized in Fig. 3) were fitted with Legendre poly-
nomials
dσ
dΩ
=
6∑
i=0
AiPi(cos(Θ
⋆
π0)) , (2)
and total cross sections were extracted from σ = 4piA0.
They are compared in Fig. 2 to predictions from the
SAID partial-wave analysis [4], the MAID unitary iso-
bar model [6], and the Bonn-Gatchina (BnGa) coupled-
channel partial-wave analysis [8, 25]. The left-hand side
of the figure shows the measured proton and neutron
cross sections and the model results for the reaction off
the free proton. The insert shows the neutron to proton
cross-section ratios for data and models. A comparison
of the quasi-free proton and neutron cross sections re-
veals that the peaks in the second- and third-resonance
region of the nucleon are much suppressed for neutrons.
For the third-resonance region this was predicted be-
cause the F15(1680) resonance has a much larger pho-
ton coupling for the proton than for the neutron, but
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FIG. 2: Left-hand side: Total cross sections as functions of
W for pi0 production on quasi-free protons (open, blue cir-
cles) and on quasi-free neutrons (open, red triangles). Curves:
predictions for γp → ppi0 from the SAID multipole analysis
[4] dashed (cyan) line, the MAID unitary isobar model [6]
dotted (orange), the BnGa analysis [8, 25] dash-dotted (ma-
genta). Histograms at bottom represent systematic uncer-
tainties (blue: proton, red: neutron). The insert compares
the neutron/proton cross section ratio to the model predic-
tions (same notation for curves). Right-hand side: Total cross
sections for γn → npi0 (filled red triangles), i.e. quasi-free
neutron data with FSI correction. Curves: predictions from
same models as on left hand side, additionally (black solid)
re-fit of BnGa model. Histogram at bottom: systematic un-
certainty. Insert: ratio of corrected neutron cross section and
SAID proton cross section.
for the second-resonance region predictions for the neu-
tron/proton cross-section ratio vary widely.
The predictions for the free proton cross section are
in close agreement because all models were fitted to the
same data base. However, agreement with the quasi-free
data is poor. This indicates that the quasi-free data are
modified by nuclear effects such as final-state interactions
(FSI) which are not included in the models. Similar ef-
fects had been previously observed and modeled for the
quasi-free γd → pppi− reaction [41]. A substantial sup-
pression of the second-resonance peak for the inclusive
γd → pi0np reaction with respect to the Fermi-smeared
sum of the model predictions for γp→ ppi0 and γn→ npi0
was already reported in [42], but the inclusive data could
not distinguish between FSI effects and a much smaller
than predicted neutron cross section. The present data
demonstrate that both effects contribute. A modeling of
the FSI effects for pi0 production off the deuteron is not
yet available, however, a comparison of the present quasi-
free proton data to free proton data will allow a detailed
test of future model results.
An approximate correction for the nuclear effects was
applied to the neutron data. It assumes that the effects
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FIG. 3: Angular distributions for pi0-photoproduction on the
quasi-free proton (left two rows) and the quasi-free neutron
(right two rows, filled symbols: FSI corrected, open symbols,
no correction). Dash-dotted blue and red curves: fits to data
with Eq. 2. Same coding for model curves as in Fig. 2.
are similar for quasi-free photoproduction of pi0 mesons
off protons and off neutrons. For each angular distribu-
tion the ratio of the quasi-free proton data and the SAID
results (which represent the average of all free proton
data) was computed and applied to the neutron data as
correction factors. The total cross section for γn→ npi0
off free neutrons obtained this way is shown at the right-
hand side of Fig. 2 and compared to the model predic-
tions. As already discussed, the latter deviate greatly
and none of them is very close to the data (it seems the
SAID predictions are closer than the other analyses).
A re-fit of the BnGa analysis (black solid curves in
the figures), which included the present data, gets much
closer to our results (and still describes also the previous
data for the other reactions). For this re-fit the strength
of background contributions (in particular vector-meson
exchange) and several resonance couplings had to be
modified. The impact of the data on this analysis is
demonstrated for some partial waves in Fig. 4. At the
left hand side of the figure the total cross section and
the contributions from strong, low-order resonant partial
waves for isospin I = 3/2 ∆-states (P31, P33, D33) are
shown. As expected, these partial waves are not much
affected because they are already sufficiently constrained
by the results from the γp → ppi0 reaction. The situa-
tion is completely different for the isospin I = 1/2 N⋆
states and the non-resonant backgrounds from t- and u-
channel exchange shown at the right hand side of the
figure. These amplitudes are not fixed by γp → ppi0
and their relative contributions to γn → ppi− are much
50
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FIG. 4: Results of BnGa fit. (Red) points: total cross section
data, dashed curves: previous BnGa results [25], solid curves:
re-fit including present data. Left hand side: partial waves for
∆-resonances (red: P31, light blue: P33, green: D33). Right
hand side: N⋆ (red: P11, green: D13) and non-resonant back-
ground from u− and t-channel (blue).
different. The resonant P11 partial wave (e.g. with con-
tributions from the much discussed P11(1440) ‘Roper’-
resonance and the P11(1710) state) changes drastically
over the full energy range. Above 1.6 GeV also the con-
tributions from D13-states (the photon coupling of the
D13(1700) changes sign) and from non-resonant back-
grounds are strongly influenced. Detailed results from
the BnGa re-fit will be published elsewhere.
In summary, for the first time angular distributions for
the quasi-free reaction γn→ npi0 using a deuterium tar-
get were measured. The simultaneously measured quasi-
free reaction off the proton establishes a data base for
the investigation of nuclear effects such as FSI processes.
The comparison of neutron and proton cross sections in-
dicates the differences in resonance excitations off pro-
tons and off neutrons. A comparison of different model
predictions for γn → npi0 demonstrates that input data
from the three other isospin channels alone (ppi0, ppi−,
npi+ final states) cannot sufficiently constrain the isospin
structure of pion photoproduction in the analyses. The
experimental results for the γn → npi0 reaction are es-
sential for the determination of the neutron helicity cou-
plings of N⋆ resonances. A re-fit of the BnGa model
shows the large impact of the new results on partial waves
related to N⋆ excitations. The next step towards reliable
neutron couplings requires re-analyses also in the frame-
work of the other models in order to test whether the
results from the different approaches converge and, on
the experimental side, also measurements of polarization
observables for γn→ npi0.
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